The two-dimensional (2D) Nakagami image complements the ultrasound B-scan image when attempting to visualize the scatterer properties of tissues. The resolution of the Nakagami image is lower than that of the B-scan image, since the former is produced by processing the raw envelope data using a 2D sliding window with side lengths typically corresponding to three times the pulse length of the incident ultrasound. This paper proposes using three-dimensional (3D) Nakagami imaging for improving the resolution of the obtained Nakagami image and providing more complete information of scatterers for a better tissue characterization. The 3D Nakagami image is based on a voxel array composed of the Nakagami parameters constructed using a 3D sliding cube to process the 3D backscattered raw data. Experiments on phantoms with different scatterer concentrations were carried out to determine the optimal size of the sliding cube for a stable estimation of the Nakagami parameter. Tissue measurements on rat livers without and with fibrosis formation were further used to explore the practical feasibility of 3D Nakagami imaging. The results indicated that the side length of the cube used to construct the 3D Nakagami image must be at least two times the pulse length, which improved the resolution for each Nakagami image frame in the 3D Nakagami image. The results further demonstrated that the 3D Nakagami image is better than the conventional 2D Nakagami image for complementing the B-scan in detecting spatial variations in the scatterer concentration and classifying normal and fibrotic livers. This study suggests that 3D Nakagami imaging has the potential to become a new 3D quantitative imaging approach.
Introduction
An ultrasound grayscale (B-mode) image is a critical clinical tool used to examine the internal structures of biological tissue. The grayscale pixel values of the B-mode image indicate the strengths of echoes backscattered due to abrupt changes in the acoustic impedance of a tissue. The final formation of the B-scan image in modern ultrasound scanners is dependent on several postprocessing steps, such as logarithmic compression, signal filtering, speckle reduction and compounding so as to improve the spatial resolution and image contrast (Szabo 2004) . In addition, a typical ultrasound scanner allows an operator to adjust various system parameters, such as the system gain, time gain compensation and dynamic range, which make the grayscale values dependent on system settings and user operations (Christensen 1988 , Shung et al 1992 . Therefore, the ultrasound B-scan image only provides a primarily qualitative description of the morphology, without quantifying tissue properties.
A better approach when using ultrasound to identify tissue properties may be to analyze the raw ultrasonic radio-frequency (RF) signals backscattered from tissues because the backscattered signals are actually dependent on the shape, size, density and other properties of the scatterers in a tissue , Insana et al 1990 . It has been shown that the backscattered signal would conform to different types of statistical distributions when the scatterers in the resolution cell of the transducer have different properties. If the resolution cell has a large number of randomly distributed scatterers, the probability density function (pdf) of the backscattered envelope would conform to the Rayleigh distribution (Burckhardt 1978 , Wagner et al 1983 , and at this time the speckle pattern in the ultrasound image is normally called fully developed speckle. Note that the Rayleighdistributed envelope is not a general case, since the concentration of scatterers may not be large enough. Moreover, the scatterers may be spatially distributed as periodic structures or clusters, rather than being randomly distributed. For these reasons, non-Rayleigh statistical models, such as Rician (Wagner et al 1987) , K (Weng et al 1991) , homodyned K (Dutt and Greenleaf 1994) and generalized K (Shankar 1995) were developed to better explain the behavior of ultrasonic backscattering.
Several years ago, the Nakagami distribution, initially proposed to describe the statistics of the radar echoes (Holfman 1960) , was applied to the statistical analysis of the ultrasonic backscattered signals (Hampshire et al 1988 , Zimmer et al 1996 , Shankar 2000 , Wachowiak et al 2002 . The Nakagami statistical model has received considerable attention due to the Nakagami distribution being found to be highly consistent with the statistics of the backscattered data, with the corresponding Nakagami parameter varying with the backscattering-envelope statistics (Shankar 2000) . The Nakagami parameter has been demonstrated to be useful for distinguishing various scatterer concentrations and arrangements in a tissue (Shankar et al 2001 , 2003 , Tsui and Wang 2004 . Some Nakagamibased compounding distributions involving the Nakagami-Gamma (Shankar 2003 (Shankar , 2004 , Nakagami-lognormal , Nakagami-inverse Gaussian , Nakagami-generalized inverse Gaussian and Nakagami Markov random field model (Bouhlel and Sevestre-Ghalila 2009 ) have also been developed for better fitting the statistical distribution of backscattered-signal envelopes.
The routine use of imaging tools by physicians and radiologists for visually identifying scatterer properties in clinical applications prompted the development and evaluation of the ultrasound Nakagami image. The concept of Nakagami imaging originated from the suggestion of Shankar (2002) and some other preliminary studies (Kolář et al 2004 , Davignon et al 2005 . Based on these pilot studies, we further proposed a standard criterion for constructing the Nakagami image , and confirmed its feasibility and performance in tissue characterization by simulations and experiments (Tsui et al , 2008a . The results showed that the Nakagami image provides valuable information on scatterer arrangements and concentrations in a tissue, complementing the B-scan image to improve the classification of disease status. The Nakagami image has already been successfully applied in some medical applications, including lens cataracts , breast tumors (Tsui et al 2008b (Tsui et al , 2010 ) and blood flow estimations (Tsui et al 2009a (Tsui et al , 2009b .
It is interesting to compare the roles of B-mode and Nakagami images in medical ultrasound. The B-scan image is derived from the intensity of the backscattered echoes, which reflects the echogenicities of scatterers and impedance mismatches between interfaces. Consequently, the B-mode image is mainly useful for morphology analysis. In contrast, the Nakagami image is based on the backscattering statistics, reflecting the arrangements and distributions of scatterers in a scattering medium. Because the formation of the Nakagami image is also based on a standard pulse-echo measurement technique but reflects different physical characteristics related to a tissue, it could be treated as being complementary to the conventional B-scan image in scatterer characterization.
Some problems need to be resolved before the Nakagami image can be used as a reliable tool complementing the B-scan image. The major problem is that the resolution of the Nakagami image is not as good as that of the B-scan image because the Nakagami image is based on a Nakagami parametric mapping obtained using a two-dimensional (2D) sliding window with side lengths typically corresponding to three times the pulse length of the transducer to process the raw envelope image . The poor resolution of the Nakagami image may limit the ability to characterize local tissues to some degree. Moreover, using the sliding window technique to construct the Nakagami parametric image would further produce the subresolvable effect at the locations of strong reflectors (e.g. tissue interface or point target) in a scattering medium (Tsui et al , 2008a . That is, when the sliding window moves onto the strong reflector, the window not only covers the signals from the strong reflector but also contains those from the tissue background. Because there is a large difference in the echo intensity between the reflector and the background, the backscattered envelopes acquired by the window would tend to be extremely pre-Rayleigh distributed, rendering the Nakagami parameter very small and the Nakagami image shading dark. Note that the size of the dark area is dependent on that of the sliding window, and the existence of the dark shading may diminish the field of view in the Nakagami image.
Developing three-dimensional (3D) Nakagami imaging methodology may be a feasible strategy to improve the resolution of the Nakagami image. The reasons are given as follows. Compared to using the 2D sliding window technique to obtain the 2D Nakagami image, the 3D Nakagami image can be constructed using a 3D sliding cube to process the 3D envelope data. Because the dimension of the sample volume extends, using a sliding cube with side lengths smaller than three times the pulse length of the transducer should be able to satisfy the amount of envelope data required for a stable estimation of the Nakagami parameter. In this condition, we expect that each 2D image frame in the 3D Nakagami image may have a better resolution than the conventional 2D Nakagami image, reducing the subresolvable effect of Nakagami imaging. On the other hand, the construction of the 3D Nakagami image may provide more complete information and clues related to scatterer properties in a tissue.
This study aimed to develop a methodology of 3D Nakagami imaging. We first describe experiments performed on phantoms containing scatterers at different concentrations to calibrate the optimal size of the sliding cube used to construct the 3D Nakagami image, with the aim of improving the resolution of Nakagami imaging. We then assess ex vivo liver fibrosis in rats to explore the practical feasibility of 3D Nakagami imaging. The 3D Nakagami image and the conventional 2D Nakagami images are also compared to evaluate their performances in tissue characterization. Finally, we discuss possible advantages and potential of 3D Nakagami imaging in medical ultrasound.
Materials and methods

Nakagami distribution
Recall that the pdf of the ultrasonic backscattered envelope (R) under the Nakagami statistical model is given by Shankar (2000) 
where (·) and U(·) are the gamma function and unit step function, respectively. Symbol r corresponds to possible values of random variable R of the backscattered-signal envelopes. Let E(·) denote the statistical mean, then the scaling parameter and Nakagami parameter m associated with the Nakagami distribution can be respectively obtained from
and
The Nakagami parameter m represents a shape parameter determined by the statistics of the backscattered signal. As m varies from 0 to 1, the envelope statistics change from a pre-Rayleigh to a Rayleigh distribution, and the statistics of the backscattered signal conform to post-Rayleigh distributions when m is larger than 1.
Phantom experiments
The objective of the phantom experiments was to determine the minimum allowable size of the sliding cube used to construct the 3D Nakagami image. Phantoms containing scatterers at different concentrations were made by adding different weights of glass beads with an average diameter of 75 μm (Model 59200U, Supelco, Bellefonte, PA, USA) to agar solution produced by dissolving 0.75 g of agar powder in 100 ml of water. The scatterer concentration in the phantom was estimated by
where M, r g and ρ correspond to the mass, radius and density of the glass beads, and V denotes the volume of the agar phantom. We produced phantoms with scatterer concentrations of 4, 8, 16 and 32 scatterers mm −3 . An ultrasound mechanical scanning system based on a single-element transducer was constructed for 3D scanning. The system comprised a mechanical scanning assembly, a single-element transducer, a pulser/receiver and a data acquisition card, as shown in figure 1. The transducer was mechanically scanned using a high-resolution motion stage driven by a piezoelectric motor (Model HR8, Nanomotion, Yokneam, Israel). The transducer was connected to a pulser/receiver (Model 5072PR, Panametrics-NDT, Waltham, MA, USA) for transmitting and receiving ultrasonic signals. The RF data received from the phantom were amplified by the 59 dB amplifier built into the pulse/receiver and then digitized by an analog-to-digital converter (Model PXI-5152, National Instruments, Austin, TX, USA) for data storage and offline analysis in a personal computer.
A focused transducer with an element diameter of 6 mm was used (Model V310, Panametrics-NDT). We carried out the pulse-echo test of the transducer showing that the central frequency and the pulse length were 6.5 MHz and 0.3 mm, respectively. The focal length was designed to be 1.1 cm, and therefore the theoretical −6 dB beam width calculated using f -number was about 0.4 mm. We placed the transducer and phantom on a holder in a bath containing distilled water at room temperature. The phantom was positioned at the focus of the transducer (1.1 cm away). For each phantom with a specific scatterer concentration, we performed 100 independent scans for 3D data acquisition. The interval between each scan frame was 0.1 mm, and each frame consisted of 100 A-lines of the backscattered signals obtained at a sampling rate of 50 MHz. Each backscattered signal corresponded to a data length of about 10 mm. The interval between each A-line was 0.1 mm. One hundred B-scan frames were used to reconstruct the 3D backscattered raw data, which were in turn transformed into the 3D envelope data by the Hilbert transform. Finally, the 3D log-compressed envelope data were used to form the 3D B-mode image with a dynamic range of 40 dB by AVIZO software (Mercury Computer Systems, Chelmsford, MA, USA).
The 3D Nakagami images for the phantoms were generated using the sliding cube to process the obtained 3D envelope data. The sliding cube technique for producing the 3D Nakagami image is essentially the same as the sliding window for producing the 2D Nakagami image (see figure 2) . First a cube within the 3D envelope image is chosen to collect the local backscattered-signal envelopes for estimating the local Nakagami parameter, m w , which is then assigned as the new value of the voxel located at the center of the cube. The cube is then moved throughout the entire 3D envelope image in steps of one voxel, with the 3D Nakagami image being constructed using the generated 3D array of m w values. The resolution of the 3D Nakagami image is inversely proportional to the cube size. However, although the resolution is better with a smaller cube, this also means that less envelope data are collected, which can lead to an unstable estimation of the parameter m w . Therefore, prior to constructing the 3D Nakagami image, it is necessary to determine the optimal size of the cube that can simultaneously satisfy both the stable estimation of m w and an acceptable image resolution. We used the following procedure to calibrate the optimal cube size:
(1) For each phantom, each envelope signal was used to calculate Nakagami parameter m and average Nakagami parameterm; the latter is treated as an indicator of the global backscattered statistics. (2) Each value m w in the 3D data and the average value,m w , are subsequently estimated using sliding cubes of increasing sizes. When the cube becomes large enough to satisfy the stable estimation of m w , the local mean should approach the global mean. Namely, an appropriate cube size is determined oncem w =m.
After determining the cube size, the 3D Nakagami images of the phantoms were constructed. In order to maximize the display clarity of information in the 3D Nakagami image, pseudocolor was applied to 3D Nakagami parameter values. Values of m w smaller than 1 were assigned blue shades varying from dark to light with an increasing parameter value, representing various pre-Rayleigh statistics of the backscattered envelope. White shading was used to show the Rayleigh distribution when m w equaled 1, and the values larger than 1 were assigned shades of red varying from light to dark with an increasing parameter value, indicating the degree of conformity to a post-Rayleigh distribution in the backscattering statistics.
Tissue measurements in vitro
Tissue measurements on ex vivo liver fibrosis in rats were performed to explore the feasibility of using 3D Nakagami imaging for tissue characterization and to evaluate the improvement in the subresolvable effect of Nakagami imaging. Six male 7-week-old Wistar rats weighing between 210 and 230 g were used. The institutional animal care and use committee at Taiwan University Hospital approved the use of the rats in this study. Liver fibrosis was induced by an intraperitoneal injection of 0.5% dimethylnitrosamine (DMN) at 2 ml kg −1 of body weight for three consecutive days each week (George et al 2001) . In order to induce different degrees of ex vivo liver fibrosis in the rats, DMN injections were applied to three rats for 6 weeks, and the other three rats were considered normal cases and were not injected. Each rat was sacrificed after a rest period of 2 weeks, and the liver was excised. For each tissue sample, B-scan and 3D scan were applied to the left lateral lobe of the liver to obtain the 2D and 3D B-mode and Nakagami images. The experimental setup and settings were the same as for the phantom experiments.
To score the level of liver fibrosis, the liver specimen was fixed in 10% neutralbuffered formalin, embedded in paraffin, and sliced into 4 μm thick sections for histological analysis with the hematoxylin and eosin staining method. The tissue sections for histological examinations were 10-15 mm in diameter. Since the insonified regions did not necessarily correspond to those examined histologically, associated sampling errors were avoided by preparing five histological sections from different areas for each liver specimen. The Metavir score was determined by an experienced pathologist who was blinded to the treatment protocol. (2), increased with the scatterer concentration, as shown in figure 3(e), which is due to the amplitude of the backscattered signals increasing with the concentration of scatterers when the scatterers in the resolution cell of the transducer have similar dimensions and echogenicities. However, this result does not mean that the 3D ultrasound grayscale image allows various scatterer concentrations or tissue properties to be distinguished. As mentioned in the introduction, the obtained B-scan image would vary with system settings and user operations, making it difficult to describe the nature of a tissue. Also, when two tissues have different scatterer concentrations and echogenicities, their corresponding B-scan images could be similar . This illustrates the need to also use the 3D ultrasound Nakagami image as a quantitative 3D imaging approach to complement the use of the 3D B-scan image for tissue characterization.
Results and discussion
Phantom experiments
Reliable 3D Nakagami imaging is dependent on determining the appropriate size of the sliding cube used to construct the 3D Nakagami image that simultaneously satisfies the resolution requirements and provides a meaningful estimation of the local Nakagami parameter. The appropriate cube size was determined according to the results in figure  4 , showing the curves of parameterm w estimated using the local backscattered envelope data collected from the sliding cube with different side lengths (solid lines), and parameter m estimated using the backscattered envelope data corresponding to each A-line (dotted lines) as a function of scatterer concentration. We found that the average global Nakagami parameter (m) increased from 0.16 to 0.65 as the scatterer concentration increased from 4 to 32 scatterers mm −3 . Recall that the transducer characteristics influence the estimation of the Nakagami parameter: for the same scatterer concentration, using a transducer with a better focusing would produce a smaller Nakagami parameter (Tsui and Wang 2004) . Although the strong focusing of the transducer used in this study producedm values for each scatterer concentration smaller than those found in previous studies Wang 2004, Tsui and , the trend in howm varied with scatterer concentration reflects that the global backscattering statistics varied from a pre-Rayleigh distribution toward a Rayleigh distribution as the concentration of scatterers increased. Subsequently, we found another very interesting phenomenon in figure 4 : the curve of m w as a function of scatterer concentration gradually approaches that ofm as the side length of the sliding cube increases. It should be noted that the curve ofm w started to overlap that ofm when the side length of the 3D sliding cube was two times the pulse length of the transducer, corresponding to 0.6 mm. In order to confirm this important finding, we further compared the curves ofm w as a function of the side length of the sliding cube for different scatterer concentrations, as shown in figure 5 . According to the observations on these experimental results, we chose an exponential decay model with a mathematic form of y = y 0 + a e −bx to explore the relationship between the parameterm w and the side length of the 3D sliding cube. The results showed that the correlation coefficient for each scatterer concentration was 0.99, representing that using the exponential decay function to describe the change in the parameter m w with increasing the cube side length is acceptable. In this condition, we tried to use the fitting equations in figure 5 to evaluate the error betweenm andm w when using the cube side length corresponding to two times the pulse length. When x = ∞, the values of y in the fitting equation for scatterer concentrations of 4, 8, 16 and 32 scatterers mm −3 were 0.17, 0.22, 0.39 and 0.65, respectively. If x = 2, the values of y were 0.173, 0.225, 0.4 and 0.68, respectively. Thus, the error of estimating the Nakagami parameter using the cube side length of two times the pulse length varied from 1.76% to 4.62% in the range of scatterer concentration from 4 to 32 scatterers mm −3 . The error smaller than 5% is significant and convincing to indicate that (1) the side length of the cube needs to be at least two times the pulse length of the transducer to produce a stable and meaningful estimation of the local Nakagami parameter for constructing a reliable 3D Nakagami image, and (2) the pixel area in each image frame acquired from the 3D Nakagami image would correspond to a window region with side lengths of two times the pulse length, indicating that the Nakagami image resolution has been improved compared to the conventional 2D Nakagami image formed using the sliding window with side lengths corresponding to three times the pulse length. However, it should be noted that the side length of the cube may depend on ultrasound frequency, transducer bandwidth and other factors able to affect the pulse length. Now the optimal side length of the cube used to construct the 3D Nakagami image has been obtained. Subsequently, we further performed a second round of phantom experiments as the test group to independently validate the ability of the 3D Nakagami image to differentiate various scatterer concentrations. The 3D Nakagami images of the phantoms with scatterer concentrations from 4 to 32 scatterers mm −3 obtained using the above-mentioned minimum required cube size are shown in figure 6 . It is obvious that the colors in the 3D Nakagami image vary with the scatterer concentration. Phantoms with low scatterer concentrations appeared as deep-blue areas in their 3D Nakagami images, corresponding to a high degree of a pre-Rayleigh distribution. Phantoms with high scatterer concentrations produced 3D Nakagami images with more red and light-blue areas, meaning that increasing the scatterer concentration causes the global statistical distribution of the backscattered envelope to vary from pre-Rayleigh to Rayleigh statistics, as demonstrated by figure 7 showing thatm w of the phantom increased from 0.16 to 0.66 with increasing the scatterer concentration. These results also indicate that a homogeneous phantom with randomly distributed scatterers would contain more local post-Rayleigh-distribution regions when the scatterer concentration is higher. This is because the local spatial distribution of scatterers in the phantom is more likely to be non-uniform when the scatterer concentration is high, making local clusters or aggregations of scatterers form (Tsui et al 2009c) . The results from the phantom experiments show that the 3D Nakagami image can be used to detect spatial variations in the scatterer concentration. 
Tissue measurements in vitro
In order to explore the practical feasibility of using the 3D Nakagami image for tissue characterization, we artificially induced ex vivo liver fibrosis in rats before applying 2D and 3D ultrasound scanning. A pathologist identified that liver fibrosis was successfully induced in each rat with a fibrosis score of 3. Typical 3D and 2D B-scan and Nakagami images of the rat liver before and after fibrosis induction are shown in figures 8 and 9, respectively. It was noteworthy that both the 2D and 3D Nakagami images exhibited a different performance from the B-scan in classifying normal and fibrotic livers. For the normal liver there were more dark-blue areas in the Nakagami image, indicating a high degree of a pre-Rayleigh distribution, which may be due to the normal liver tissue being a homogeneous medium containing blood vessels that exhibit a relatively high degree of variance in the backscattering cross-sections of scatterers. In contrast, the Nakagami image of the fibrotic liver appeared to have more red and light-blue areas, indicating that there would be more locally post-Rayleigh-distributed regions in the Nakagami image when liver fibrosis occurs. It is well known that liver fibrosis is the result of the wound-healing response of the liver to repeated injury. After injury, parenchymal cells regenerate and replace the necrotic or apoptotic cells. Such a process is related to an inflammatory response and a limited deposition of extracellular matrix (ECM). If the hepatic injury persists, the liver regeneration may fail, and hepatocytes are substituted with abundant ECM (Bataller and Brenner 2005) . The ECM is composed of an interlocking mesh of fibrous proteins and glycosaminoglycans to provide structural support to the animal cells in addition to performing various other important functions. Therefore, the increase in the degree of liver fibrosis may be treated as a behavior like an increase in the concentration of local scatterers and the appearance of the periodic structures or clustering of scatterers in the tissue background resulting in post-Rayleigh statistics for the backscattered envelopes. The results in figures 8 and 9 have confirmed the feasibility of the proposed 3D Nakagami image in visually characterizing tissues. Compared to the Nakagami image, the B-mode image is mainly responsible for reflecting the echogenicities of scatterers in a tissue. Generally speaking, the formation of a fibrotic structure increases the echogenicities of scatterers in the liver, thereby increasing the echo intensity (Meziri et al 2005) . However, some previous studies have indicated that the echo intensity may not be a reliable indicator of liver fibrosis, with inadequate reproducibility for the grading and staging of liver fibrosis (Lu et al 1999 , Guimond et al 2007 . In other words, using the 3D or 2D B-mode images may not provide sufficient quantitative information for classifying normal and fibrotic livers, as demonstrated in figures 10(a) and (b). It showed that the average relative echo intensities, estimated using equation (2), obtained from 2D and 3D B-mode images did not differ significantly between normal and fibrotic livers (p > 0.05). In contrast, them w values obtained from 3D Nakagami imaging for the normal and fibrotic livers were 0.37 ± 0.02 and 0.7 ± 0.03, respectively (p < 0.01), and those obtained from 2D Nakagami imaging for the normal and fibrotic livers were 0.43 ± 0.08 and 0.71 ± 0.07, respectively (p < 0.01) (figures 10(c) and (d)). The results in figures 10(c) and (d) not only indicated that the Nakagami parameter may be a better indicator of liver fibrosis, but also showed the difference of performance between the 2D and 3D Nakagami images. That is, the 3D Nakagami image produced a smaller standard deviation in measuring the scatterer properties of the rat liver, suggesting that the 3D Nakagami image may provide more detailed and accurate information associated with the scatterers for a better tissue classification. Besides, the other advantage of the 3D Nakagami image over the 2D one may be to have a weaker subresolvable effect of Nakagami imaging. Figure 11 (a) shows a B-mode image of the fibrotic liver. The corresponding conventional 2D Nakagami image and the image frame acquired from the 3D Nakagami image are shown in figures 11(b) and (c), respectively. Note that the three images in figure 11 were in the same scanning region. The white arrow in figure 11(a) indicated the blood vessel structures in the liver background. The blood vessels contributed larger echo intensity compared to the homogeneous liver tissue, and therefore the subresolvable effect of Nakagami imaging occurred, as illustrated by the white dotted lines in figures 11(b) and (c). It appears that the subresolvable effect area for the 3D Nakagami image was smaller than that for the 2D Nakagami image, producing a larger field of view in the image to show more scatterer information of liver tissue itself. The resolution improvement of the 3D Nakagami image is the main reason to reduce the subresolvable effect.
According to the current results and comparisons, the 3D Nakagami image and the 3D B-scan image have different physical meanings and clinical purposes (i.e. functionally complementary). Consequently, combining the 3D Nakagami image and 3D B-scan images as an integrated 3D imaging tool for both morphology analysis and tissue characterization may bring 3D ultrasound development a new thinking and impact, including new applications. We give an interesting example below. The present study applied the 3D Nakagami image to assess ex vivo liver fibrosis in rats. Recall that the distribution of the fibrous material depends on the origin of the liver injury (Bataller and Brenner 2005) . It means that the fibrosis distribution inside the liver is not always homogeneous. For this reason, using specimens obtained from performing liver biopsy, which is the gold standard in assessing liver fibrosis, may not represent the state of the whole liver accurately because only about 0.002% of the organ is sampled (Yamada et al 2006) . Using an integrated tool based on the 3D B-scan and Nakagami images to non-invasively evaluate local scatterer properties in a tissue may avoid unnecessary biopsy or reduce the sampling error.
Concluding remarks
This study performed phantom experiments and tissue measurements on ex vivo liver fibrosis in rats in order to develop a methodology for 3D ultrasonic Nakagami imaging. The 3D Nakagami image is constructed using a voxel array composed of the Nakagami parameters estimated from the local backscattered data acquired by using the sliding cube technique. According to the current results, we provide some critical findings and suggestions as follows. (1) The side length of the sliding cube used to construct the 3D Nakagami image only needs to be two times the pulse length of the incident ultrasound. In this circumstance, the image resolution of each Nakagami frame in the 3D Nakagami image is superior to that of a conventional 2D Nakagami image formed using a sliding window with side lengths corresponding to three times the pulse length. (2) Based on the minimum requirement of the sliding cube size, the 3D Nakagami image honestly reflects the statistical distribution of the backscattering envelopes in a spatial volume, having a better performance than the 2D Nakagami image to detect different scatterer concentrations and classify normal and fibrotic livers in rats. (3) Using the 3D Nakagami image produces a relatively less subresolvable effect than the 2D Nakagami image, making the field of view in the image larger to show more complete scatterer information of the tissue itself. (4) The 3D Nakagami image and the 3D B-scan have different physical meanings and clinical purposes. Thus, integrating these two imaging methods for simultaneously performing both the morphology analysis and tissue characterization may be a feasible strategy to develop the 3D functional ultrasound image in the future. 
